
UNCLASSIFIED

AD 274 16 5

ARMED SERVICES TECHNICAL INFOMATKM AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED



NOTICE: When goverment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
goverment procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formlated, furnished, or in any way
supplied the said drawings, specifications, or other
data is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rilhts
or permission to manufacture, use or sell any
patented invention that my in any way be related
thereto.



A <CRL-62-222

CONFINEMENT OF A PARTIALLY

IONIZED GAS

BY A PERIODIC MAGNETIC FIELD

BY

BERT ZAUDERER

MAGNETOGASDYNAMICS LABORATORY
REPORT NO. 62-2

DEPARTMENT OF MECHANICAL ENGINEERING
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Contract AF 19(604)-4551
Project 6606
Task 86081

JANUARY 1962

Prepared for
GEOPHYSICS RESEARCH DIRECTORATE

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES
OFFiCE OF AEROSPACE RESEARCH

UNITED STATES AIR FORCE
BEDFORD, MASSACHUSETTS



46a,62-222

OOWXIsa 0F A P4BTIAI IONIZED GAS

N A PIRODIC MAGTIC F3

by

Bert Zeauderer

IpMhg natdyD 'mics Laboratory

Report No. 62-2

Departmt of Mecbanical Esgineering

Mssachusetts Institute of Tohoogy

contract Ar 19(6a)-4551
Project 8608

Task 86081

January 1962

Prepared for

GooirSICS RZSEARCR DIRECTORKA
AIR 1OR CAMBRIDGE 1SEAC LADRATOR

OI5C OF AUOBPACE RESEARCH
UNITED STATZ AIR FORC
WORD, KA8SDC3BEvI



Requests for additional copies by Agencies of

the Departmnt of Defense, their contractors, and

other Goverament agencies should be directed to the:

AMUD SERVICES TIMhICAL INFORMATION AGECY

ARLINGTON HALL STATION

ARLINGTON 12, VIRGINIA

Department of Defense contractors mst be established

for ASTIA services or have their 'need-to-knov' certi-

fied by the cognizant military agem of their project

or contract.

All other persons and organizations should apply

to the:

U. S. EP ARTHN OF CORCE

OFFICE OF TUEICAL SERVICES

WASHIG 25, D. C.



2

ABSTRACT

Two sets of experiments were performed to test the possibility of confining

a partially ionized gas by a periodic magnetic field, such that the density of

un-ionized gas in contact with the wall be small compared to the density of the

magnetically confined plasma.

In the first set of experiments, on argon plasma with a 1O, 0000 K

temperature, and about 20% degree of ionization was produced in a 6" diameter

combustion driven shock tube. When the plasma was inside a coaxial 14" diam-

eter solenoid, a 67 Kc magnetic field was turned on. When the static plasma

pressure was less than the magnetic pressure, B /2/1V 0 a smear camera photo-

graph, showed periodic contractions of the plasma cylinder at a rate equal to

twice the field frequency. From the smear photograph and magnetic probe mea-

surements inside the shock tube it was concluded that the outer cm, layer of the

plasma was substantially heated and ionized by eddy current heating. When )/

82/2/1 0 was equal to 0.26, magnetic probes showed that the boundary of the

I i
ionized portion of the gas was located between cm and 2 cm from the wall.

Since the edge of the gas was highly ionized it was concluded that a large per-

centage of the gas was confined by the field.

In the second set of experiments on electrodeless ring discharge was used fo

produce an argon plasma in the same experimental arrangement as in the previous
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experiments. Smear photographs showed that radial shocks were formed at the

inside wall of the glass tube every half field cycle and they propagated toward

the axis of the tube with velocities between 0.4 and 1.0 cm///, sec. The gas

temperature was estimated as being between 10,00°K and 20,000°K. Magne-

tic probes inside the glass tube indicated that qualitatively the magnetic effects

were similar to the first set of experiments and that the field was confining the

plasma. A similar ring discharge experiment in Hydrogen led to the conclusion

that the speed of sound divided by the tube diameter must be very small com-

pared to the angular field frequency to obtain a steady continuous confinement

of the plasma by the field.
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I. INTRODUCTION

Butler (1) has discussed the possibility of confining a thermonuclear plasma

by a periodic, microwave frequency, magnetic field. The containment criteria

are: a) 9"< D/ 2 , where is the skin depth of the field inside the plasma

and D is the plasma diameter; and b) a/2 1 D <-/, where a is the speed

of sound of the plasma, and f is the field frequency. These two criteria could

also be applied to a low temperature (approximately 10,000°K) plasma, such as

a fissionable plasma in a "cavity" reactor (2). At temperatures of 10,0000 K

contact of the plasma with the walls is not as critical as at fusion temperatures,

where impurity atoms can cause severe radiation cooling. Therefore, in this

paper, a plasma will be considered "confined" by a magnetic field, if the density

of the plasma in contact with the walls is small compared to the density of the

main plasma body confined by the field.

The purpose of the experiments reported in this paper, was to determine

whether Butler's containment criteria can be applied to a low temperature plasma.

,9 A cylindrical 15 cm diameter, argon plasma, at 10,C000 K, in a coaxial 100 Kc

field, theoretically satisfies both containment criteria a) and b). The 100 Kc field

was obtained by discharging a high frequency capacitor into a solenoid. Two

methods were used to obtain the argon polsma. One method, which produces a

uniform plasma with known properties employs a 15 cm diameter combustion driven

shock tube. The physical principles of the shock tube are discussed by Resler (3).
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Another way to produce a plasma is to utilize the induced circumferential

electric field in a solenoid, (E = dB/dt), to produce a "ring" discharge in argon

at a few hundred microns pressure. Very little accurate data exists on the ring

discharge breakdown fields (4). Blackman(5) performed a ring discharge experi-

ment using a single turn coil wrapped around a cylindrical discharge tube filled

with argon. By discharging a capacitor into the coil at 380 Kc he observed

that breakdown accurred at the start of the second half cycle (when B = 0 and

dB/dt is a maximum). The breakdown field was a function of the gas pressure

and hod a similar shape to the DC Paschen Curve. The minimum breakdown vol-

tage was 380 Volts/cm and it occurred at 0.3 mm Hg pressure.

In an early experiment on the fusion device called Scylla, Bullis (6)

observed in a ring discharge in deuterium, that when the magnetic pressure,

B 2/2 o, was much greater than the gas pressure, strong radial shocks compress

(every half cycle) the gas and heat it to high temperatures. In his experiment,

the speed of sound of the shock heated D2 was so high that a/2 Ti D j/, and

hence he did not obtain continuous AC containment.

Based on the above experimental results one can conclude that a ring dis-

charge can be utilized tc study high frequency magnetic containment by a proper

choice of experimental variables. In the experiments reported in this paper a high

molecular weight gas (Argon) was used to study AC containment under conditions

which would sitisfy Butler's containment criteria. To study the effect of the speed

of sound of the gas, a ring discharge experiment was performed using Hydrogen in

the discharge tube, and the same field frequency as in the argon experiments.
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II. APPARATUS

Design of Apparatus

1. The shock tube: To produce a uniform argon plasma, a 6" diameter shock

tube was chosen, because the initial pressure can be as low as 100 microns (8, 7).

However, 100 microns is the lowest initial pressure in which a chemical shock

forms, hence increasing the tube diameter above 6" is of no advantage. The ad-

vantage of a low initial pressure is that the radiation cooling behind the shock is

very small, hence, one obtains a uniform plasma slug. Argon was chosen as the

driver gas because it has been extensively studied (3, 9, 10, 11). The 1.

diameter shock tube is described by Resler (3). In this experiment a 1 1 "to 6"
2

expansion nozzle was placed downstream of the high pressure diaphram and the

entire driven section, including a glass test section, had a 6" diameter.

2. The capacitor and field coil : By a suitable choice of the driver to driven

pressure ratio, the shock tube can readily produce an argon gas temperature of

10,000K and a conductivity of 4000 mhos/meter. For these conditions one finds

that a field frequency of 100 KC will satisfy both of Butler's containment criteria

since S is equal to 3 cm and a/2"rD is equal to 2 KC for the argon plasma.

Using standard techniques (12) one can calculate that the f;eld coil has one turn

with a 14" diameter and 16" length. The capacitor used hod a rating of 14/.

20 KV. Figure 1 shows the experimental set up of the field coil and shock tube.
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Instrumentation

I. Magnetic probes: Magnetic probes were used to measure the strength and

distribution of the field inside the solenoid with and without a plasma inside it. In

Figure 2 the location of the various probes are shown. Probe No. 4 measured the

total flux inside the shock tube while Probe No. 7 measured the local field inside

the plasma. Measurements with Coil 7 were made at r/r ° = 0.83, 0.66 and 0.33

where ro is the I. D. of the shock tube. Probe 1 measured the total current per

unit length inside the solenoid and Probe 5 was used to monitor the external field

when the plasma was inside the solenoid. This was done by connecting probe 7

and 5 to the two sweeps of a 555 Tektronix Dual beam oscilloscope. Both sweeps

had the same time base.

2. The totating mirror camera: The glass tes#4ection of the shook tube wes

covered with tape and a vertical slit (Figure 1) was uncovered in the central plane

of the solenoid. A rotating mirror camera was used to photograph the dynamic

effects of the field plasma interaction. Since the rotating mirror was herizontal,

three first surface mirro.s were used to rotate the 6" long vertical image into a hori-

zontal one. The film writing speed was about 0.1 inch/micron.
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Ill. EXPERIMENTAL PROCEDURE

a) Gas dynamic experiments: The driver was filled with 40 psig Oxygen

and 240 psig Hydrogen. A 2000 psig diaphram was used to separate the driver

from the driven section. In the driven section argon at 350 microns pressure

was introduced. The driver mixture was ignited with an exploding wire, and

the resultant shock velocity was measured by two 931 photo tubes placed four to

five feet apart. The experiment was repeated for a 1500 psig diaphram with argon

at 260 and 110 microns pressure.

b) Magnetic field measurements: With the tube at atmospheric pressure, the

capacitor was charged to 10, 15, 10 KV and the spark gas was broken down.

Measurements were mode of the total current flowing in the coil and the magnetic

field in the central region of the coil to determine its uniformity and strength.

c) Interaction of moving plasma with AC magnetic field: The plasma produced

by the shock tube was passed through the field coil. When the front of the plasma

was halfway inside the coil the field was turned on. The timing of this experiment

is shown in Figure 1. It was accomplished by using a phototube to trigger the de-

lay circuit of a 555 oscilloscope which broke down the spark gap through a thyra-

tron and pulse transformer. When the capacitor discharged, it generated enough

noise so that the phototube circuit was influenced by it. Thus it was possible to de-

termine the position of the shock wave when the capacitor went off. Experiments

were performed with the static gas pressure of the plasma behind the shock wave,
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less than, equal to and greater than the magnetic pressure. The results were

measured with search coils and observed with the smear camera. All the search

coils measured the rate of change of the field dB/dt directly.

d) The "ring" discharge: With the 6" diameter tube filled with argon at 110,

260, 750 microns pressures, the field was turned on. The capacitor voltage was

15 and 19 KV. The resultant discharge was measured with search coils inside the

tube and photographed with the smear camera. All the search coils measured

dB/dt directly.
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jV. EXPERIMENTAL RESULTS

The results will be listed in the same order as in the procedure.

A) Gas Dynamic Results:

The shock velocity, Us, obtained in the gas dynamic experiments was

between 4600 and 5300 MPS. This corresponds to a Mach number of 15 to 16.5.

A 6332 Photomultiplier showed that the rise in luminosity of the shocked

gas occurred in a few microseconds. Petshek (9) and Gloersen (14) have observed

that in argon and xenon shocks with a 1% impurity level that the gas behind the

shock reaches thermodynamic equilibrium in a few microseconds. Since, 1% was

the impurity level in this experiment one can use one dimensional shock tube

theory (3) to compute the equilibrium properties of the gas behind the shock. The

results are shown in Table I.

TABLE I
Computed Thermodynamic properties behind the shock wave

P2  T2  0

P = 350 microns 0.15 atmos- I1000°K 14% 4.32xlO0cm 6.05x I- 6 gm
pheres sec cc

P1 = 260 microns 0.1 atmos- 11000°K 16% 4.34x10 5 cm 4.5x10-6 gm
Seres . sec 6 cc

P1 = 110 microns 0.069 atmos- 11000 K 20% 4.733x10 5cm 2 .45x10 gm
pheres sec cc

The computed conductivity using the Spitzer formula (15) is 3700 mhos/m.

The uniformity of the properties of the gas behind the shock is determined by the

radiation cooling of the gas behind the shock. Following Petshek's (9) analyses one
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finds that the degree of ionization 3( decreases by 0.2% per cm behind the shock.

Since the initial ionization is 14% one can conclude that the gas properties are uni-

form for at least 30 cm. This was confirmed by the 6332 phototube which showed that

the light output of the gas was uniform for the entire slug length.

The length of the slug was measured by the time of luminosity recorded on

the phototube. For P = 350 and 260 microns it is 30 cm and for P1 = 110 microns it

is 110 cm. The slug length obtained at the higher pressures agrees with the computed

theoretical slug lengths using formulas derived by Roshko (8). At the lower pressure

the theoretical value is one half the experimental value of slug length.

B) Magnetic Field Measurements

With atmospheric air inside the shock tube, the field inside the shock tube

was measured with magnetic probes. The measured field frequency was 67 KC and

the logarithmic decrement was 0.223. This decay was sufficiently slow so that

four useful field cycles could be obtained in each experiment. This time was equal

to the testing time. The first half cycle peak values of the field were 1310 gauss,

1960 gauss and 2460 gauss for capacitor voltages of 10 KV, 15 KV and 10 KV.

The local field probes No. 5, 7 also showed that B was uniform and axial in

the middle half of the solenoid and that it was of the same magnitude at the axis

and wall of the shock tube.

An investigation (16) of the end effects of the field coil and the plasma led

to the conclusion that they could be neglected in the region where the probes were

located (Figure 2).
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C) Interaction of a moving plasma with a high frequency magnetic field:

When the shock front of the plasma reached the center of the solenoid, the

magnetic field was turned on. Magnetic probe No. 1 (Figure 2) showed that the

presence of the plasma did not measurably reduce the total current in the solenoid.

Probe No. 5 which was located on the outside wall Qf the shock tube, showed that

the magnitude of B outside the plasma was unchanged by the presence of the plasma.

Coil No. 4, which was wrapped around the shock tube, measured the total flux in-

side the shock tube well and the plasma. This measurement was recorded versus

time on a 555 Tektronix oscilloscope. The shape of the oscilloscope traces was a

damped sine wave. It was found that the percent reduction in the flux, 0/ o, (17),

in the presence of the plasma, remained fairly constant (within 5%) during the time

of the experiment (60 $i. sec.). To show the effect of the ratio of static plasma

pressure to magnetic pressure on the flux reduction, the average value of 0/0 over

one experimental run was plotted, versus the ratio of the static plasma pressure divided

by the value of peak magnetic pressure in the first half cycle. This curve is shown

in Figure 3. The values used for this curve are shown in Table II. The static plasma

pressure in this table is taken from Table I . The letters A, B, C, etc., will be

used to identify the various experiments. It can be seen from Figure 3, that for

P> B2 / 1 0/0o has a constant value. As P becomes less than B2/2/1o, 0/00

initially decreases and then increases. As will be shown in the discussion, this can

be attributed to ohmic heating and magnetic compression.
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Table II - Flux reduction 0/0o versus P/B 2/2/Lt o for moving plasma experiment

A B C D E F G

P/B 2/2,p o 2.3 1.7 .8 .55 .5 .47 .26

0/0o 61% 61% 40% 50% 60% 50% 70%

P 0.16atmos 0.16 0.12 0.16 0.12 0.069 0.069

To determine the concentration of the induced currents (i. e. 7 X a- )

inside the plasma, probe No. 7 was used (Figure 2). Measurements were made at

r/r o = 0.83, 0.67, and 0.33 (18). The voltage induced in the probe versus time was

recorded on an oscilloscope. The shape of this curve was a damped sine wave. The

% reduction in the amplitude of the field, B/B0 , inside the plasma, is reproduced in

Figure 4.for experiment G and F. On the time scale axis, the testing time (or the

length of the plasma slug) is shown. It will be noticed that as the probe enters and leaves

the plasma, B/B is larger for a length equal to the skin depth of the field, rwhich0

is equal to 3 cm, ( = 6 usec). The average value of B/Bo is shown in Table III for

experiments, C, E, F and G.

Table III - Values of B/Bo at different positions r/r o inside the plasma versus p/B2/2////o

C E F G

P atm 0.12 atmos 0.12 0.069 0.069 Theory

p/B2/24, 0.8 0.5 0.47 0.26
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Table III - (continued)

Values of B/Bo

r/r o = 0.83 65% 60% 95% 74%

r/r o = 0.67 40% 56%

r/r o = 0.33 20% 20% 20% 20% 44%

The column marked "Theory" represents the computed values of B/Bo for an

infinite solid cylinder with ro = 7.5 cm, <7- = 3700 mhos/meter in a 67 Kc field.

This corresponds experimentally to the case PUS) B2/2 LI . The data in Table

III will be analyzed in the discussion.

The third set of observations was made with the smear camera. Figures 5a, b,

c, show smear photographs of the vertical slit (Figure 2). These pictures correspond

to experiments C, E, and G respectively. Point C corresponds to the case where

P = B2/2 /o and the picture shows (Figure 5a) that there are no contractions at the

edges, However, one can see bright horizontal strips at the edges which occur every

1/2 cycle of the field. This could be interpreted as heating of tle gas which ".;ults

in more luminosity. Points E and G correspond to the case where P < B 2/2 /14 and

the camera shows periodic contractions (every half cycle) which become stronger as

pressure decreases. The region of increased luminosity on the pictures is concentrated

in a strip 1- cm thick. The smear photograph for experiment F is similar to experi-
2

ment E, G.

The data 4f this section will be analyzed in the discussion.
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D) The "Ring" Discharge Experiments

The results obtained in the "Ring" discharge experiments can be divided into

two groups. One group consisted of experiments at high gas pressures and low mag-

netic field. The other group consisted of experiments at low pressure and high mag-

netic field. Representing the first group is the experiment with argon at 260 microns

pressure and a peak field of 1460 gauss (corresponding to a 15 KV capacitor voltage).

Representing the second group is the 100 micron, 2400 gauss (19 KV) experiment.

The highest pressure at which breakdown was obtained in our experiment was at

750 microns pressure and at a 1960 gauss peak field. This corresponds to an F/p of

30 V/cm/mm Hg at the outer edge of the gas. This is much lower than the minimim

breakdown value which Blackman obtained in air, namely E/p = 1100. It is also

much lower than the minimum breakdown of argon in a DC field; namely, E/p-

270 V/cm/mm Hg.

Ring discharge in argon at 260 microns pressure and 15 KV capacitor voltage: The

peak value of E/p was 100 V/cm/mm Hg. Curve D in Figure 6 and Curve B and D in

Figure 7 are a plot of the measurements made by Coil 4 and Coil 7 respectively. To

understand the meaning of the curves one must examine the smear carrea photograph

(Figure 8a) which was taken in conjunction with these meurements. The smec(

camera photo shows four radial shocks with velocities of about 5x103 cm/sec. TH

shocks start at the outside edge of the gas every 7.6 microseconds. This is equa! to

the half period of the field. After 30 microseconds the luminosity extends to t*e wall.
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With this photographic result one can understand Curve D in Figure 6 and Curves

B and D in Figure 7. In the first half cycle the gas does not breakdown; therefore,

both//0 and B/B0 are equal to 100%. The next four half cycles correspond to

the radial shocks which are observed in the smear picture. Finally when the shock

waves no longer appear one obtains a constant value of o- to 28% and B/B0

equal to 40% (at r/r o = 0.83) and 10% (at r/r o - 0.33)

In Figure 6 the curve labelled E is the computed value of the flux inside Coil

4 if the inside of the tube is filled with an infinite conductor (i. e. 00- 22%

represents the flux in the glass wall of the tube). This means that only 5% of the

flux penetrates the plasma after 4 half cycles. Examination of Figure 7 also tends

to confirm that most of the field is excluded from the plasma after 4 cycles, since

B/Bo = 40% at r/r o = 0.83. Therefore, the fields, and hence, the induced cur-

rents, are concentrated between 0.83.< ' "/1 01

"Ring" discharge in argon at 100 microns pressure and 19 KV: The peak value of

E/p was 500 V/cm/mm Hg. Figure 8b is a smear photograph of the experiment.

One notices that the radial shocks last for the entire length of the experiment. The

first shocks have velocities of I .1x104 m/sec. Curve A in Figure 6 and Curve A,Eand F i-

Figure 9 are a plot of the measurements made by Coil 4 and Coil 7 respectively.

Curve A of Figure 6 shows that,* 0 = 70% after two cycles. This is a much larger

value than in the previous experiment. In Figure 9 values of B/Bo are shown for

three different distances from the center. At r/r o 0.83 the final value of B/Bo = 70%;
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at r/r o = 0.67, B/Bo = 18% , and at r/r o = 0.33, B/Bo = 10%. In this experiment

one can see that the induced currents are mostly concentrated between .67<r/ro < .83.

This result agrees with the flux measurement since 0/0o is targer.

"Ring" Discharge in Hydrogen: To show the importance of the speed of sound criteria

(i. e. a/2 7 R <g f) and also the difference between the "scylla" experiments of

Bullis (6) and the argon experiments in this paper, a "ring" discharge was induced in

Hydrogen at 100 microns Hg and with a 19 KV capacitor voltage.

The result is shown in the smear photograph in Figure 10. The radial shock

velocity is 2.2xI04  m/sec. One can also see that the hydrogen plasma travels to the

axis of the tube and re-expands to the wall in every half cycle. This is similar to the

result Bullis obtained.

V. DISCUSSION OF RESULTS

The analyses of the data will be divided into two parts: Part A will consider the

results of passing a slug of gas dynamically heated argon through a magnetic field,and

Part B will deal with the results of the ring discharge experiments.

Part A: Moving Plasma Interacting with Stationery, Time Varying Magnetic Field:

a) Interaction of Moving Plasma with the field for the Cape P, B2/2 A o9: In this

section the distribution of the 67 Kc magnetic field inside the moving plasma for the

case P) B 2/2/,/o will be compared with the field distribution inside an infinite solid

cylinder having the plasma radius, 7.5 cm, and conductivity (3" = 3700 mhos/meter.



18

The general equation for the distribution of a magnetic field in the presence

of a conductor moving with velocity ( is given by (19)

The plasma in this experiment is moving in the axial direction. It was shown in

Part IV B, that in the vicinity of the search coils, B is also axial. Hence, the

curl term vanishes and Equation 1 becomes

§77 (2)

This equation describes the behaviour of an alternating magnetic field in the interior

of a conductor. The eddy currents induced by the field can be obtained from Maxwell's

equation 7 X I

The equation for the field inside an infinite cylinder is derived by McLachlan

(20), for the case where both the fields and the axis of the cylinder are in the 9-

direction. The result is:

H0Lt' j 6 )/

fK3
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Where Bo is the magnitude of the external field, B. is the value of the field

at a distance / from the axis of the cylinder of radius, A4, , p = C j 4

Mo (/ ' )is the amplitude of the Bessel function IoL('p) "?3, and

is the phase angle of the Bessel function Io ). The values of these

Bessel functions are tabulated by Dw.iglt(21).

The radial distribution of the amplitude of B and the plase shiftL(- (P /?)-

for an infinite cylinder with 15 cm diameter, 0- = 3700 mhos/meter

and f = 67 KC, are plotted in Figure 11, Curve A and B. These curves will be re-

ferred to later.

To compare the result of the above analyses with.the measurements made in

the experiment, the total flux inside the cylinder is needed. This is the flux that

is measured by Coil 4 (see Figure 2). The total flux 0 is:

where,4j= 7.5 cm=plasma radius.
b = 8.7 cm = outside radius of the glass tube.

The second term represents the flux in the glass wall of the shock tube.

For the infinite cylinder one obtains a calculated value of 0/0o = 65%, where

00 is the total flux with no conductor present. The measured values obtained for

p> B 2/2 /4fo as given in Table II and Figure 3 are 61%. This compares very well
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with the calculated value and one can conclude that for the case where the field

acts as a perturbation (i. e. P>) B2/2,A o) one can use the solid conductor eddy

current theory to describe the electromagnetic effects.

b) Calculation of eddy current heating for the cases where the magnetic pressure
is equal to, or greater than the gas pressure: It will be noticed that some

expertfental points in Table II and Figure 3 for which P <. B2/2/4 0 show larger

flux reductions 0/'0 than the solid cylinder theory indicates. Part of this devia-

tion can be accounted for by the heating of the gas through the induced eddy cur-

rents which raise the temperature and the conductivity, and, therefore results in a

smaller value of 0

To obtain an estimate of this heating the infinite cylinder will again be used

as a model. Using the techniques described in Smythe (13) or McLqchlan (20) an

expression can be derived for the time-averaged eddy current heating in a solid

cylinder. It is

in watts/meter length of cylinder.

The above expression Pr still contains the variable r and must be evaluated be-

tween the limits zero and 'r, where O r< ro = radius of cylinder. At r = 0, Pr = 0,

and at r = , , Pr equals Pro, the total eddy current power dissipated in the cylin-

der. In Figure I I, Curve C, the % of the power Pr dissipated between zero and r
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divided by the total power, Prof dissipated between zero and ro, is plotted

versus r/r o for an infinite solid cylinder of radius ro = 7.5 cm and dy-= 3700 mhos/

meter in a 67 Kc field. It can be seen that 50% of the heating is concenrated in

the outer 1 cm and 75% of the heating is concentrated in the outer 2 cm of the cylinder.

If P ro is plotted versus a- at 67 Kc, one finds (16) that Pro reaches its

maximum value at a conductivity slightly less than 3700 mhos/meter. As 0" increases

above 3700 mhos/meter, Pr decreases. However, the percent of the total heating

concentrated in the outer one cm of the 7.5 radius cylinder stays the same. There-

fore, the initial value of Pro at C" = 3700 mhos/A will be used to calculate the

heating effect.

Using the above information, the temperature and conductivity rise in the outer

1 cm, due to eddy current heating, was calculated for experiments C to G (Table II).

The compressibility of the plasma was neglectd . In the calculation, the heating

effect of the first field cycle (15.6 microsecond) only, was considered, because the

logarithmic decrement of field is such that 50% of the heating of the first 6.ycles is

dissipated in the first cycle. The most important assumption made was that the

heating proceeds in thermodynamic equilibrium. Hence, the Saha equation can be

used to calculate the final degree of ionization. This assumption will be discussed

shortly.

The result of the calculations, using the above assumptions are given in Table IV.

The letter C, D, etc. refer to the points in Table II.
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Table IV

Eddy Current Heating of a Cylindrical Plasma

C D E F G

P/B 2/2 ,t 0 0.8 0.55 0.5 0.47 0.26

P initial 0.12 atmos. 0.16 0.12 0.069 0.069

T initial (See Table I) 110000 K

initial(See Table 1) 16% 14% 16% 20% 20%

CY" initial 3700 mhos/m -

final 13000&K 13000°K 13800°K 13300PK 16000K

0<1 final 47% 50% 57% 72% 95%

y- fi nal 5050 mhos/m f070 4900 54 6100

The final conditions in this table correspond to those in the outer I cm of the 7.5

cm radiLus .losma.

To relate the calculations of the preceeding paragraphs to the experimental

data, the flux reduction 0/ must be calculated for the above plasma cylinders.

There are two conductivities in these cylinders: a)oT= 3700 mhos/meter for

0 < r/ro < .83, and b) C1 = the values listed in Table IV under <5 final for .83

< r/ro < 1 .0 . If one assumes that the entire cylinder has the final conductivity

of Table IV then one should obtain the maximum possible flux reduction #0o" Curve

D' in Fig. 12 Is the plot of this 00 versus the ratio of magnetic to gas pressure. It

can be seen that none of the experimental points, for which B2/2* o P, fall on

this curve. This result is not surprising for these experiments for which P < B2/2/i,
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since they do not satisfy the Initial assumption of the Incompressibility of the

plasma. The experiment for which P = B2/2 /4Y o will be discussed In the next

section.

c) Interaction of an a. a. field with a plasma satisfying the condition P = B2/2 P 0:

Experiment C,(Table IV), does satisfy the incompreuslWlily assumption

'0. e. P = B2/2 / ) yet the experimental value of %/00 Is 40% while the computed

value is 59%. (Figure 12, Curve D').

One pohsibile source of error lies In the assumption of thermodynamie equili-

brium. If this Is not correct the themhe ecquatIon cannot be used to compute the

final electron desity. To justify the use of the Saha equation, one must show that

the rate of Ionization is sufficiently large that in the time of the heating (15 micro-

seconds), the electron density approaches the value cemputed from the Saho equation.

This compution was done (16) for eli the expes meb in Table IV assuming that the

electrons have a Maxwellion~d~lribution and that only electrons with energy greater

than 15.7 volts can Ionize the agms . It was found that for experiment C it takes

24 microseconds to reac 4 'Anal equilibrium density. This is slightly longer than the

heating time. However, argon has a metastable state at 1I valis and therefore, the

ionization proceeds in two stg e. One, excitation to 1 I volts; two, ionization from

II to 15 velts. Since there are more electrons In this region this ionization proceeds

faster. Since the cross section for Ionization from the metastable state Is unknown

the exact rate cannot be computed. But it seems reasonable to assume that the gas is

in Soha equilibrium.
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Another source of error was the assumption that the entire cylinder had the

conductivity of the heated outer layer. To correct this one must solve the prob-

lem of a composite cylinder with two different conductivities, dT, 4 - C17 '

is the conductivity of the unheated interior Of the cylinder (i. e. 3700 mhos/meter)

and Q7 is the conductivity of the heated outer layer. A general solution was ob-

tained (16) for the flux reduction 0/00 for a composite cylinder. The solution is

a complicated combination of Bessel functions. An example was solved for the case

where V7 = 5800 mhos/meter for 7.5 cmK r> 7 cm and 5 = 3700 mhos/

meter for 0<r" 7 cm. The values of 0/0o obtained is 44%. The solution for a

solid cylinder with 7.5 cm radius and <:- = 5800 mhos/meter gives 0/0o = 55%

One can thus see that a composite cylinder with two conductivities can have a

greater flux reduction than a solid cylinder with one conductivity. This is an un-

expected result. One would expect a solid cylinder of high conductivity to have a

larger flux reduction than a composite cylinder, part of which has a low canQ'Jctivity.

The ioason for the larger flux reduction is due to the phase shift. It will be re-

called that the value of B and 0 inside the conductor consists of an amplitude and a

phase. The phase of B is a function of radius (Figure 11, Curve B) and since 0 is the

integral of B over the area it is quite possible that the phases of B combine in such a

way to reduce the total flux 0 . The phase shift also reduces the total flux in a single

conductivity cylinder. It is probably coincidental that in this experiment the

conductivities at different radii in the plasma were such that a large flux reduction

was obtained.
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A third possible source of discrepancy between theory and observation

arises from using the power distribution as shown in Figure I1, Curve C to calculate

the heating of the plasma. It was assumed that the single conductivity cylinder so-

lution can be used. However, as heating proceeds the conductivity of the outer

layer of the plasma rises. Since an exact calculation of this effect is difficult, the

smear photograph corresponding to this run will be used to estimate the region of

heating concentration. Figure 5a shows very bright horizontal strips at the bottom

edge of the film. The modulation of these strips is 1/2 cm. This would seem to in-

dicate that the heating is more concentrated than was assumed In the last section.

To obtain an upper limit on the heating effect, it was assumed that all the energy
.1

(22) of the first field cycle was dissipated in this 1/2 cm thick region. From this

(16) one obtains (T = 9500 mhos/meter. Again assuming that the entire cylinder

has a conductivity of 9500 mhos/meter, one finds that 0/0o is 49%. The experi-

mental value of 0/Oo = 40%. It can be thus seen that this equilibrium heating cal-

culation does account for a large part of the flux reduction observed.

Upon examination of the measurements of the probe (No. 7) inside the plasma

(See Table Ill) one finds that it agrees with.the smear photograph.

Table V compares the values obtained experimentally, with the theoretical

values for solid cylinders with 0 = 3700 mhos/meter and < = 9500 mhos/mter.

07= 3700 mhos/meter represents the plasma conductivity before the magnetic

field is turned on . 0 = 9500 mhos/meter corresponds to the conductivity com-

puted in the previous paragraph.
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Table V: Comparison of experimental measurements of local magnetic field

inside the plasma with the corresponding theoretical values in an

infinite cylinder of conductivities Cd = 3700 and 9500 mhos/meter.

Position of the <T- = 3700 mhos/m 0- = 9500 mhos/m Exp. points
Probe No. 7

r/r o = .83 74% 58% 65%

r/r o = .33 44% 15% 20%

From this table one can see that at r/r o = 0.33 the agreement between experimen-

tal and theory is good If one assumes a high conductivity of 9500 mhos/meter. This

clearly indicates that the plasma is heated by the magnetic field.

As a result of the smear photography and local field probe No. 7 one can see

that the probable reason for the large flux reduction, 0/4, measured by coil 4, is

due to intense heating at the outer edge of the plasma. As discussed previously,

this heating is due to a complicated distribution of eddy curry~ts which the simple

eddy current theory does not predict.

The phase shift effect is secondary in causing a large flux reduction, since it

was found (16) that it did not agree with the local field probe measurements near

the axis of the plasma.

2
d) Interaction of an a. c. field with a moving plasma satisfying the condition P<B/Z'2,o'

In section (b) the heating effect was calculated neglecting compression. The result

of this computation was plotted as Curve D' in Figure 12. However, the smear camera

photographs, (Figure 4b, c) corresponding to these runs for which P< B2/24 0 show

periodic contraction of the plasma.
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A simple way to correct 0 for the compression of the plasma (whose initial

radius r 0 7.5 cm) is to recompute curve D' in Figure 12 keeping the 8.75 cm

radius of the measuring Coil 4 fixed and decreasing the radius of the plasma

cylinder. The result of this computation is shown in Figure 12, Curve C', B', and

A'. Curve C' represents the theoretical flux measured by Coil 4 when the plasma

has a radius of 7 cm, Curve B' and A' correspond to the plasma radii of 6.5 and

6 cm respectively. It can be seen that none of the experimental points for which

P <' B 2/2 ,Uo fall on these four curves. This shows that the heating theory developed

in section B is not in agreement with experimental observations. This was already

demonstrated for the case P = B /2/ 1 In section (c).

A better determination of the amount of compression of the plasma can be made

if one uses an experimental value of the amount of flux the plasma excludes when it

is heated, but not compressed (I. e. when P = B2/2/A 0). The difference between

the actual value of 0 measured when P< B 2/2/U 0 and the value of 0 measured for

this case (i. e. P = B2/2 ,U 0) represents the amount the plasma is compressed.

From this one can compute the final radius of the compressed plasma.

The result of this calculation is shown in Table VI. The first three lines are

identical with Table Ill.

I

I
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Table VI: Amount of Compression of Plasma by the Field using experiment C
as the standard plasma flux exclusion

C D E F G
p/B 2/2/ 0  1.0 0.55 0.5 0.47 0.26

P(atmospheres) 0.12 0.16 0.12 0.069 0.069

0/0o 40% 50% 60% 50% 70%

Computed 7.5 cm 7 cm 6.75 cm 7 cm 6. 2 cm
plasma radius

It can e seen from Table VI that a contraction of the radius less than 1 .3 cm

accounts for the measured flux reduction. This result can be checked by the smear

photographs.

The smear photographs Figure 5a, b, c, corresponding to experiments C, D,

and G respectively show that the contradictions increase with increasing vaiues of

B2/2/4 and they vary from zero to 1 .5 cm. One can thus conclude that the

method of using experiment C as a standard gives fairly accurate results of the amount

of plasma contraction.

Another way to test the confinement of the plasma by the magnetic field is by

using local magnetic probe (No. 7 in Figure 2) inside the plasma. The basis of

this test is as follows: the eddy currents, " , induced by the time varying

applied magnetic field, produce opposing magnetic fields determined by the expression

. . Due to these secondary fields, the depth of penetration of

the applied field is of the crder of the skin depth, S , in the conductor. Hence,
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by measuring the peak concentration of the field Inside the plasma one can

determine where the currents are flowing. If this peak concentration of V X

is some distance, A, away from the wall, one can conclude that in the region A

there exists no conducting plasma, otherwise currents would flow there. However,

there may be nonconducting gas in this region. In this experiment the plasma is

highly Ionized, therefore, if the concentration of ilgis a certain distance away

from the wall the plasma is probably contained. As an example, the results of

experiment F and G will be used. The experimental values of B for these two cases

were tabulated in Table III and were plotted In Figure 4. In Figure 4, Curve A

shows that for experiment G (P/B2/2/L o = 0.26) at r/r ° = 0.83, (i. e. at 1 .3 cm

from wall), B/Bo Z' 100 % while Curve D shows that for experiment F

(P/B 2/2/4 0 = 0.47) at r/r o = 0.83, B/B0 = 60%. One can, therefore, conclude that

the outer boundary of the conducting plasma has moved away from the wall as the

magnetic field pressure was increased. From Curve A one can conclude that the

plasma has been pushed at least 1 .3 cm from the wall when P/B 2/2/( o = 0.26. This

result agrees with the smear camera, Figure 5c, and the total flux observation Table

VI, experiment G.

In section (b) of this chapter a simple theory was used to estimate the heating of

the gas. For experiment G (i. e. the calculated temperature, degree of

ionization and conductivity were 160000°K, 95% and 6100 mhos/meter respectively.

The local measurements of the field can be used to estimate the error of this analyses.
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Figure 4 shows that for r/r o = 0.83, B/Bo = 95% (Curve A) and for r/r o = 0.66,

B/Bo = 40% (Curve E) . A conductivity ofd" = 14500 mhos/meter will give the

observed field reduction. This corresponds to a temperature of 27000°K. To heat

the plasma to this temperature in thermodynamic equilibrium would require double

ionization of the plasma. A computation was made (16) which showed that the

ionization time for double ionization was longer than the testing time. Hence,

one can conclude that only the electrons are at 270000 K but the plasma is at a

lower temperature.

It is interesting to note that, although the magnetic pressure is four time the

gas pressure, the gas is not pushed more than 1 .3 cm from the wall in experiment

G (Figure 5c). The reason for this is as follows: the gas has a dynamic pressure in

the axial direction which is twice the magnetic field pressure. Behind the radial

magnetically induced shock the gas pressure equals the magnetic pressure. The

magnetically heated gas, therefore, acts as a boundary between the undisturbed flow

and the wall. As this cylindrical boundary contracts the effect is similar to a

supersonic diffusor. To calculate the effect of the contraction of the boundary, on

the undisturbed flowsone can use the one dimensional supersonic flow theory. The

Mach number of the plasma before the field is turned on is 2.8. Since it is ionized

strongly, the ratio of specific heats is about 1 . 1. From the smear photograph one

can see that the gas is pushed in at the walls about 1 cm. This reduces the undis-

turbed cross sectional area of the flow by 25%. Using the one dimensional gas tables
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for Y = I. 1 one finds the new Mach number is 2.62 and the new static pressure

is 1 .5 times the original one. One can see that this effect does raise the pressure

in front of the magnetically driven gas as it tries to penetrate into the interior of

the moving plasma.

Due to this dynamic pressure effect, the plasma is not compressed more than

1] cm from the walls. It is, therefore, difficult to determine whether the plasma

can reexpand to the wall each half field cycle. However, from the experiment

one can conclude that if the boundary of the container were suddenly removed that

the plasma would be contained by the field. This is due to the fact that the plasma

can only expand at the speed of sound and during the time in each cycle of the

field when B2 /2 4j is less than the plasma pressure, the plasma can expand less

than a centimeter in our experiments.

I '
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Part B: Discussion of Ring Discharge Experiments:

a) Breakdown Values of E/P: In Section (d) of the Experimental Results it was

observed that in our experiments the value of E/P required for breakdown is much

lower than that reported in Blackman (5) and it is also lower than the b. C. break-

down value in argon. It must be noted that Blackman's results agree only qualita-

tively with the D. C. Paschen Curves. As stated in the introduction no accurate

data exists on the breakdown fields in a. c. "ring" discharges. This is due to im-

proper electrostatic shielding of the solenoids used. In the Scylla experiments no

experiments were performed to determine the minimum breakdown voltage. There-

fore, no conclusion will be drawn concerning the breakdown voltages obtained in

this experiment.

b) Discussion of "Ring" Discharge in Argon at 260 microns pressure and 15 KV

Capacitor Voltage: Before discussing the results a qualitative description of

the various phenomena occuring in this experiment will be given. During the first

half cycle ionization by the induced electric field builds up the electron density

sufficiently so that on the second half cycle the gas breaks down at Lts outer sur-

face. The instant after breakdown the gas consists of cold (Room Temperature) neutrals

and ions, and hot electrons (Te equals 1 e. v. to 10 e. v.) . This phenomena is

called a "ring" discharge. The interior of the gas cylinder is unaffected by this pro-

cess. However, as the magnetic field amplitude rises, it exerts a pressure B 2/2)) 0

on the conducting ring and forces it toward the center. In this experiment B2/2, ,JP

400 therefore a strong radial shock is formed. This process of breakdown followed
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by radial shocks will continue until the gas pressure in the tube equals the

magnetic pressure. There are therefore, two processes occuring successively:

1) Ionization and breakdown by the induced electric field at the edge of the gas.

This process causes electric field ionization.

2) Magnetic shocks which heat the neutrals and ions and raise the gas pressure.

This process causes thermal ionization.

With this introduction the data will now be discussed. In order to determine

the electron density and electron temperature at the instant of breakdown, experi-

mental values of the ionization frequency and electron distribution are needed.

The only such data exists for microwave discharges where the electron density is

10- 6 times the gas density. Hence these results cannot be applied to a high density

discharge as is the case in this experiment.

'- 'ver, the magnetic probes can be used to determine the average conduc-

tivity and hence the average electron temperature over a cycle of the plasma. This

conductivity is the result of both electric field ionization and thermal ionization by

the magnetically driven shocks. The results of the smear photographs can be used to

detrmine approximately the neutral and ion temperature, the thermal degree of

ionization and the plasma pressure behind the magnetically driven shocks.

The smear photograph:shows that there are four radial shocks spaced 7.5

microsec. (1/2 field cycle) apart. At the start of the following half cycle the lumi-

nosity fills the entire tube. The velocity of the four shocks is approximately equal.
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The first shock has a velocity of 4.7 x 105 cm/sec. Using one dimensional

shock tube theory and assuming thermal equilibrium ionization behind the shock

one finds T = 105000K, ' = 12% and p = 0A 12 atmospheres. This pressure is

equal to the peak magnetic pressure. The second shock starts 7.5 microseconds

after the first one. The mechanism is again the same as in the first shock, the

electric field breaks down the gas and the magnetic field shock compresses it.

A simple entropy argument can be used to show that the gas in front of the second

shock has a lower density than the gas in front of the first shock. This gas

probably consists of hot neutrals left behind the first shock.

Once the shocks have stopped, at the start of the sixth half field cycle,

probe No.7",(Figure 7) Indicates that the bulk of the field in the gas is concentrated

in the region between the wall and 2 cm away from the wall. Probe No. 4

(Figure 6), which measures the total flux inside the shock tube, indicates that

approximately 5% of the flux penetrates the gas. To estimate the conductivity one

can use the simple one-dimensional eddy current theory since the curvature of the

thin 2 cm thick layer of plasma is not important in such a thin region.

Solving the equation for the one-dimensional Icase,

one finds li = A e- ( where A, C are constants,S is

the skin depth and - is the distance from the edge of plasma to the point -a inside

the plasma. The boundary conditions are at -Z = 0, B = B and Z = 2cm, B =0.
0

This assumption is based on the Probe No. 7 measurements. One finds that A> C.
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where is the skin depth.

If one assumes a " of 105 mhos/meter one computes 0/0o = 6.2%. This is the

total flux penetration inside the plasma at 260 microns Initial pressure. It com-

pares very well with the 5% measured. (Note: the effect of the glass wall is 22'j

and In Figure 6 this must be added to the 5%). For ad- = 105 mhos/M one obtains

a temperature of 90,00°0 K. It is obvious that the ions are not heated to these

temperatures because the field does not have enough energy to do this. Therefore,

this is the temperature of the electrons.

The search coils clearly indicate that the conductivity of the plasma is much

higher than in the moving plasma experiments, and that the electrons are a much

higher temperature than the gas temperature. In the moving plasma experiment

Te = T gas. To understand the difference between this result and the eddy current

heating in the moving plasma experiments we must consider the way in which the

plasma is heated. In the moving plasma experiments, the electrons have Initially

a Maxwellion distribution and it was shown that the eddy current heating initially

proceeds in equilibrium. In addition, there was no breakdown each half cycle be-
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cose E/P was about 1 Volt/cm/mm Hg. In this experiment the electrons are

produced by a breakdown mechanism and it is: unlikely that initially they have

a Maxwellian distribution. Without experimental knowledge of the ionization

frequency it is impossible to say anything about the temperature and distribution

of the electrons. However, one can say that since the gas is highly ionized It

will rapidly assume a Maxwellian distribution. When this occurs, the ionization

frequency at 90,0000K of both the first and second ionization level in argon will

be high enough to doubly ionize the gas in a few microseconds. This will result

in a very rapid lowering of the electron temperature. In other words, the high

temperature in this experiment is only a transient.

It is interesting to compare this result with the one obtained in a steady state

"ring" discharge with no shock waves (i. e. where B2/2/ o = P). Cabannes (23)

performed experiments with steady str "ring" discharges in argon, at pressures of

0.1 to 10 mm Hg with a I Mc field. His results were as follows: the eddy current

power input was less than I KW "1l was 1 Volt/cm/mm Hg. The degree of

ionization was between 1 and 10% and the measured electron temperature was

28000K (c 3 e.v.)

Pistunovich (24) performed an electrodeless discharge experiment in a toroidal

chamber with D2 at 0.4 mm Hg pressure, using a 25 KV capacitor bank to initiate

the discharge. The capacitor circuit was critically damped and the discharge lasted



36

a few hundred microseconds. By using a double floating probe he measured an

electron temperature of about 5 e. v. and a degree of ionization of 3 to 10%

depending on the initial voltage of the capacitor. The results of these experiments

seem to indicate that in our experiments the high alectron temperature is only a

transient effect. It is also interesting to note that Cabannes' result is similar to

the moving plasma experiment G (see Discussion Part A, section d). Therefore, it

would seem that once a steady state is reached the ring discharge, the plasma will

have the same properties as the moving shock heated plasma. This equivalence

will be demonstrated in the next section.

c) "Ring" discharge in argon at 100 microns pressure and 19 KV: The major

differences in the experimental results between the 100 micron and 260 micron ex-

periment were outlined in Section D of the "Experimental Results" section. These

will now be discussed.

The value of E/P was 500 V/cm/mm Hg. One would, therefore, expect a

larger degree of ionization at breakdown. This fact coupled with the larger ratio of

magnetic pressure to gas pressure of approximately 3000, accounts for the stronger

radial shocks in this experiment. (Figure 8b). In addition, the smear photograph

(Figure 8b) shows that the shock pattern extends for about 8 half cycles. This is

approximately equal to the useful testing time in this experiment. The velocity of

the first two radial shocks is 1 .x10 6 cm/sec. Using one-dimensional shock theory

one finds the temperature behind the first shock is 16,000°K and the degree of



37

thermal ionization. Is 90% . The one-dimensional shock theory is useful only

in estimating the gas temperature. However, the degree of ionization of 90%

is probably inaccurate since it is not certain how fast equilibrium ionization is

established behind the shock. In addition, the contribution to:the electron

density due to electric field ionization cannot be estimated. The static pressure

behind the shock can be obtained roughly from P2 = 1 2 , where the

gas density at 100 microns and Us the shock velocity. From this one obtains,

P = .24 atmospheres. This pressure is the same as the maximum magnetic pressure.

The second shock has the same strength as the first shock, therefore, the static

pressure behind the second shock, P3 , iz only slightly less than the static pressure

after the first shock, P Using this information, and remembering that for con-

servation of momentum P3 = us 2 one finds the density, J in front of the

second shock is about .175 x 10- 6 gm/c. This is 4% of the density behind the

first shock and 80% of the density ahead of the first shock. Now, the gas behind

the first shock clearly did not have enough. time to re-expand to the wall after the

field started to decrease from its peak value for two reasons. One, it can only ex-

pand at the speed of sound, which is 20% of the inward velocity; and two, the

smear picture shows that the first shock has not reached the ends of the tube when

the second one starts. Thus the particles through which the second shock wave travels

c-onsists':,f'neutral gas at,rns which diffused through the magnetic field behind the

first shock. The temperature of these neutrals is definitely higher than room tempera-



38

ture because one shock wave has passed through it and therefore, its entropy rose.

With each successive shock the density near the wall of these neutral atoms decreases

due to electric field Ionization followed by magnetic compression. Therefore, in a

steady state the entire plasma should be contained by the magnetic field.

The fourth and all successive shocks have nearly the same velocity v = 4.8x106

cm/sec. This gives a density in front of the shock (from U2 = p) of 2.4 x 10-6

gm/c.c. This is the some value as the density of the shock heated gas behind the

first few shocks. In other words, from the fourth shock onward, the central region

of the tube is filled with shock heated plasma; whose pressure is of the order of the

magnetic pressure. This explains why the compression of the plasma is less than in

the previous cycles. It is reasonable to conclude that after the fourth shock the

experiment approaches a steady state, with the bulk of the plasma confined away

from the wall. The additionalrshocks ioni*.e and compress any neutral gas which

leaked across the field toward the wall.

Upon examining the data obtained from the search coils (Figure 6 and 9) one

is led to the same conclusions as were reached above (i. e. that the plasma is con-

fined by the field). f
Figure 6, Curve A, shows that 0/0o is larger than in the 260 micron experiment,

thus Indicating that more flux has or etrated the glass tube. Figure 9, Curves A and

E show that the field concentration in the tube is located between r/r o = 0.83 and

r/r o = 0.66. This also tends "o indicate that the edge of the plasma cylinder is in the

vicinity of r/r o 0.83.
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An interesting result is that the data from the search coils 4 and 7 (Figures 6 and 9)

22
is similar to the data obtained for the moving plasma experiment G (i.e. P/B2/2//

= 0.26) (see Table II, Ill). In Experiment G it was concluded that the plasma was

contained and that the outer surface of the plasma was at least 1 .3 am from the wall.

Both this experiment and Experiment G have a flux reduction 0/0o = 70% (Table II

and Figure 6, Curve A). In addition, the local field distribution in this experiment

(Figure 9) shows that at r/r o = 0.83, B/B = 70% (Curve A) while at r/r = 0.66,

B/Bo = 20% (Curve E). The difference between these two readings is 50%. The

corresponding differences between the field readings at the same position is 55% in

Experiment G. (Figure 4) From this one can conclude the following : a) the elec-

tron temperature, and hence the conductivity, are lower in this experiment than in

the ring discharge experiment at 260 microns. The lower electron temperature is due

to the fact that this experiment has stronger shock waves. Hence, the hot electrons

are pushed into the interior of the gas where they rapidly loose their energy in

ionizing collisions with neutral argon atoms. b) that steady state containment has

been obtained in the 100 micron ring discharge experiment. c) that magnetic con-

tainment of a steady state ring discharge is similar to magnetic containment of a

moving plasma. d) the conductivity near the edge of the plasma in this experiment

is similar to the one obtained in experiment G (i. e. 14500 mhos/ meter.)

d) "Ring" discharge in hydrogen - In the experimental results section (d) it was

reported that in hydrogen, the shock wave travels to the axis of the tube in 1/4 cycle
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and is reflected to the wall in 1/4 cycle. The measured shock velocity is

2.2x10 4 cm/sec. This velocity equals the magnetic "field velocity" (I. e. the

rise time of the field) ,where R = 7.5 cm and =67 Kc. It is thus seen

that the hydrogen plasma is not continuously contained by the field. To prove this

the temperature and speed of sound behind the shock was calculated using one-

dimensional shock theory. It was found, assuming thermodynamic equilibriumi 'that

T = 11,500K and a = 106 cm/sec. Hence, a/4,TR = 10 Kc. Since this is only

6.5 times less than the field frequency it does not satisfy Butler's third a. c. con-

tainment criteria (I. e. a/2 7/" D 4y) . One can, therefore, see that even If

R as it is in the hydrogen experiment, one does imtobtain a. c. containment

if a/2 Tr D,,,

The shock pattern obtained in the hydrogen experiment is similar to the one

obtained by Bullis (6).
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VI. CONCLUSIONS

A) Moving plasma interacting with a time varying field

1) 21) P > B2A2.,O

For this case the eddy current theory of a solid cylinder in a uniform time varying

magnetic field gave good agreement between the theoretical flux reduction, 0 /0o

= 65%, and the measured flux reduction, 0/0o = 60%, if one used the Initial

plasma conductivity of 3700 mhos/m. This conductivity was computed from the

equilibrium plasma temperature. From this one can conclude:

a) there were no gas dynamic effects due to the field

b) the entire plasma cylinder had a uniform temperature and conductivity

c) the skin depth, E , was less than the plasma radius, hence Butler's

containment criteria ' R was satisfied for all the moving plasma

experiments.

2) P = B2/2,,o : In this case the measured flux reduction was lower than the
Jb

value predicted by the eddy current theory for a solid conductor. This deviatio% was

attributed to heating of the outer layer of the gas by the induced eddy currents,

which resulted in a higher gas conductivity. It was concluded that the large flux re-

duction measured, was due to distribution of eddy currents, near the edge of the

plasma, which cannot be computed by the eddy current used in this paper. A secondary

cause of the large flux reduction could be due to the fact that the phases of the field
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In regions of the gas with different conductivities, cancel each other in such a

way as to reduce the total flux.

3) P <" B2/2 .4/ : Based on measurements of the total flux in the shock

tube it was concluded that due to magnetic compression, the radius of the plasma

was reduced by about one cm in these experiments. This amount of compression

was also observed on the smear photograph, and by the magnetic probe inside the

plasma. The magnetic probe showed that the field (and hence, the induced

current) concentration was between 1 and 21 cm away from the wall for Experi-
2

ment G. Therefore, it was concluded that there was no conducting gas in this

region and since the plasma was highly ionized, it was concluded that a large per-

centage of the plasma was contained by the magnetic field. It was also shown

that a supersonic diffusor effect accounted for the amount of compression of the

plasma.

Since the plasma In this experiment satisfies both of Butler's containment

criteria (i. e. < R and a/2 W- D <</ ) one can conclude that a high fre-

quency field can be used to remove a low temperature (100000 K) plasma from a

material wall.

B) Rirg Discharge in argon at 260 ard 110 microns initial pressure

The overall characteristics of the ring discharge experiments were similar to those

obtained by Bullls(6) and Blackman (5). The following differences were observed.

1) The minimum value of E/p for which breakdown occurred was by on order
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of magnitude less than the minimum E/p obtained from the D. C. Paschen Curve.

2) In the 260 micron experiments the smear photograph showed that the

plasma extended to the tube wall at the start of the sixth half field cycle. Based

on measurements of the previous shock velocities the gas temperature was estimated

in the order of 10,000K. Based on magnetic probe measurements it was con-

cluded that the electron temperature was about 90,000K . Cabannes (23) and

Pistunovich (24) obtained in steady state ring discharge experiments, electron

temperatures of about 30,000°K and 50,00°)K, respectively. It was, therefore,

concluded that the high electron temperature in our experiment was only transient

phenomena and that once a steady state is established, the electron temperature

would drop sharply due to ionizing collisions of electrons with atoms.

3) In the 100 micron experiment it was concluded i hat after three radial

shocks the main body of the plasma is confined in the central region of the glass

tube away from the wall. This was confirmed by means of a magnetic probe, in-

side the glass tube, which showed that the current concentration, and hence the

edge of the plasma, was situated between 1i and 2- cm away from the wall.
2 2

Based on the smear photograph which showed that radial shocks originated at

the wall each half cycle, it was concluded that any neutral atoms which remained

outside the mair plasma body would be ionized by the induced electric field and

compressed into the main plasma body by the magnetic field.
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From the magnetic probe measurements the electron temperature was

estimated at 3 e. v. From this one can conclude that the 10 e. v. electron

temperature obtained in the 260 micron experiment was only a transient phenomena.

The most interesting result was that the boundary of the plasma and the

conductivity of the outer layer of the plasma as measured by the probes for the

110 micron experiment was about the same as Experiment G (i. e. B/B2 /2/1 o

= 0.26) of the moving plasma experiments. From this one can conclude that in

this ring discharge experiment the plasma conditions are such that they satisfy

Butler's containment criteria (1).

C. Ring discharge in hydrogen

In this experiment C /2 -77 D was about 1/5 the field frequen,-y, hence,

the hydrogen plasma did not satisfy Butler's containment criteria. It was concluded

that this was the reason why the plasma was able to re-expand to the wall each half

cycle, (i. e. the plasma was not continuously confined by the field as in the argon

experiments). This result is similar to the early Scylla experiments of Bullis (6).

D. General conclusions 0I0

From the above experiments it con be seen that if a/ 2 7- D tek/one con obtain

magnetic confinement of the plasma. It was concluded that in Exper.ment G

(P/B 2 /2 ,i 0 = 0.26) of the moving plasma experiment and ir the 100 micron "Ring"



45

discharge experiment In argon the ionized portion of the gas was confined by the

magnetic field. The basis for this conclusion was the local magnetic prob measure-

ment which showed that the induced currents in the gas were concentrated between

and 2i cm away from the wall. It is very probable that some unionized gas
2

was at all times in contact with the wall. Since the argon gas near the wall was

highly ionized due to ohmic heating by the field and electric field ionization the

density of un-ionized gas in contact w th the wall was probably small.

a.

'p
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Figure 1. Schematic Diagram Showing the Moving Plasma Experiments, Test
Section, Including the Instrumentation Used. The Left Side of the Diagram
Represents the Upstream End of the Shock Tube. The 535 Tektronix Oscino-
scope Measured the Shock Velocity. The 555 Duel Beam Oscilloscope Triggered
the Field Coil Circuit Through the "A Sweep" Time Base. The "B Sweep" Time
Base was Used for the Magnetic Probe Measurements.
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Figure 2. Schematic Diagram Showing the Location of the Magnetic Probes,
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Figure 3. Average Flux Reduction. 0/0 , (s Measured by Probe No. 4) Versus
P/B 2/21_ for the Moving Plasma Exper~nents. These Experimental Points
are Tabu&ted in Table IL
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Figure 4. Experimental Measurements of the Local Magnetic Field Inside the
Shock Tube (at rfr a 0. 83, r/r w 0. 66 and r/r - 0. 33) for the Moving Plasma
Experiments F "ndG (&w. Table~ll) Curves A. Leand B Represent the Measure-
m en ts of B/B 0for Experiment G; "p Curves D and B Represent the Measure-
ments of B/B for Experiment F. It is to be Noted that at r/r a 0.33 both
Experiment fPand G had the Same Value of B/B 0* For Comparison, the values
in Table III under the Heading "Theory" are Reproduced as Lines C, F and G,
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Figure 5. Rotating Mirror Camera Photographs of the Plasma Moving Past the

Vertical Slit in the Shock Tube Wall (See Figure 1). Time is from Left to Right

and the Scale Marker Beneath Each Photograph Represents 7.6 Microsec. 7.6

Microsec. Equals 1/2 Field Cycle). The Vertical Direction Represents the Slit.

The Three Dark Horizontal Lines are Distance Markers Spaced 1.65" Apart,

the Central Line Corresponding to the Axis of the Tube. The Thick, Dark

Horizontal Line Near the Ends Represents a Magnetic Probe Which Protruded

into the Field of Vision of the Slit. Figure 5a is a Photograph of Experiment
C (i.e. P = B2, 2. Figure 5b shows Experiment E (i.e. p/B 2/2%-0.5)

and Figure 5c Shows Experiment G (i.e. P/B 2 /2 "o . 0.26).
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Figure 6. The Peak Values of the Flux Reduction, 0/0o, are Shown Versus Time,
for the Ring Discharge Experiments in Argon. Curve A is a Plot of 0/00 for the
100 Micron Pressure 19 K. V. Capacitor Voltage Experiment While Curve D
Represents the 260 Micron, 15 K. V. Experiment. For Comparison with the
Moving Plasma Experiments, Line B Represents the Theoretical Woo for a
Solid Infin/te, 7.5 cm Radius, Cylinder with a= 3700 mhos/M in a 67 K. c.
Field. Line E Represents 0/Oo for c- - (l.e. it Shows the Value of the Flux in the
Glass Walls of the Shock Tube.



00% -XO

90%-

80%- X
A(r/roO.83)

70% -x

60%-

0

50% - X 80B~/ra C83

40- C(r/ro 0.33) X

30%

20% -

0 D (rron 0.33)

10% 0I= 0
0 76 15.2 30.4 60.8

TIME (MICROSECONDS)

Figure 7. Curves B and D Show the Peak Values of B/B (as Measured by Probe
No. 7 at r/r a 0. 83 and r/r a.0. 33) Versus Time, for 1e 260 M icrons, 15
K. V. Ring fBischarge Exper?ments. For Comparison with the Moving Plasma
Experiments, Line A and C Shows the Values of B/B (at r/r - 0. 83 and 0. 33)
for an Infinite, 7. 5 cm Radius, Cylinder of Conducti~ity 3700 0mhoo/m. These
Values are Taken from the Colum in Table III Under the Heading "Theory".
It can be Seen that the Experimental Conductivity is much Higher than 3700
mhos/m.
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Figure 8. Smear Photographs of the Ring Discharge Experiments, Showing the
Radial Shock Pattern Observed Versus Time Through a Vertical Slit in the Glass
Tube Wall (See Figure 1). Time is From Left to Right and the Scale Marker
Beneath Each Photograph Represents 7. 6 Microsec. (7. 6 Microsec. Equals
1/2 Field Cycle). The Hori )ntal Lines Have the Same Meaning as in Figure 5.
Figure 8a Shows the 260 Micron, 15 K. V. Experiment and Figure 8b Shows
the 100 Micron, 19 K. V. Experiment.
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Figure 9. Curve A, E, and F Show the Peak Values of B/B (as Measured by

Probe No. 7 (See Figure 2) at r/r - 0. 83, 0. 66 and 0. 33 Rgspectively) Versus

Time for the 100 Micron, 19 K. . Ring Discharge Experiment in Argon. For

Comparison to the Moving Plasma Experiments the Corresponding Values of B/B

as Taken From the "Theory" Column in Table iMl are Shown as Lines B, C and D.

It can be Seen That the Experimental Conductivity is much Higher than 3700



7.6 .s.

Figure 10. Smear Photograph of Ring Discharge Experiment in Hydrogen at 100
Microns Pressure With a 19 K. V. Capacitor Voltage. This Photograph Shows
the Shock Pattern Observed Through a Vertical Slit (See Figure 1) Versus Time.
Time is From Left to Right and the Scale Marker Beneath the Photograph Repre-
sents 7. 6 Microsec. (7. 6 p sec = 1/2 Field Cycle). The Three Thin Horizontal
Lines are Distance Markers, and the Two Thick Horizontal Lines are Photographs
of Magnetic Probes Which Protrude into the Field of Vision of the Slit.
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Figure 11. Curve A Represents a Theoretical Plot of B/B o Versus r/r o for an
Infinite. Solid. Cylinder, of Radius ro =7.5 cm with o = 3700 mhos/m, in a
Coaxial §7K. C. Magnetic Field. Curve B Represents the Phase Shift (A[D1/2r]SP P 2ro,,
- 1 [ for this Cylinder and Curve C is a Plot of P - P /P Verss r/r
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